SUMMARY
Herpes simplex virus 2 (HSV-2) is a DNA virus that is efficiently transmitted through intimate genital tract contact and causes persistent infection that cannot be eliminated. HSV-2 may cause frequent, symptomatic self-limited genital ulcers, but in most persons infection is subclinical. However, recent studies have demonstrated that the virus is frequently shed from genital surfaces even in the absence of signs or symptoms of clinical disease and that the virus can be transmitted during these periods of shedding. Furthermore, HSV-2 shedding is detected throughout the genital tract and may be associated with genital tract inflammation, which likely contributes to increased risk of HIV acquisition. This review focuses on HSV diagnostics, as well as what we have learned about the importance of frequent genital HSV shedding for (i) HSV transmission and (ii) genital tract inflammation, as well as (iii) the impact of HSV-2 infection on HIV acquisition and transmission. We conclude with discussion of future areas of research to push the field forward.
INTRODUCTION

H
erpes simplex virus 2 (HSV-2) is the leading cause of genital ulcer disease, increases risk of HIV acquisition, and causes neonatal herpes, a rare infection associated with long-term neurologic impairment and high mortality rates. HSV-2 is an alphaherpesvirus in the herpesvirus family of DNA viruses, all of which cause chronic, incurable infection. HSV-2 is transmitted to a sexual partner during sexual contact or during labor and delivery to the neonate through direct mucosal or skin contact. During primary infection, HSV-2 infects epithelial cells and then nerve endings, followed by retrograde axonal transport to establish persistent infection in the sacral ganglia. During reactivation, the virus travels down the axon to skin and mucosal surfaces, where viral shedding may be associated with genital ulcers or, more commonly, is asymptomatic. While HSV-2 infection has in the past been considered to be a "latent" infection with infrequent reactivation, carefully designed natural history studies have shown that there is dynamic interaction between HSV-2, which reactivates frequently and is "shed" on mucosal surfaces, and the mucosal immune response. This review discusses what is known about genital HSV-2 shedding and how HSV-2 shedding may be used to understand genital tract inflammation as well as how it may contribute to increased risk of HIV acquisition.
EPIDEMIOLOGY
As of 2012, HSV-2 was estimated to infect 417 million people worldwide between the ages of 15 to 49 years, giving a global prevalence of 11.3%, with 19.2 million incident infections each year (1) . The seroprevalence varies widely depending upon region of the world, from 10% to 70% in women attending antenatal care clinics (2) , with the greatest burden borne in Africa ( Fig. 1) (1). Worldwide, HSV-2 seroprevalence is nearly 2-fold higher in women than in men (14.8% versus 8% global prevalence, respectively) (1) . Sexual exposure is the major risk factor, with higher HSV-2 seroprevalence associated with increasing age and increasing number of lifetime sexual partners (3).
HSV-2 Epidemiology by Geographic Region
In the most recent global estimates, overall HSV-2 seroprevalence was Ͻ10% among persons living in the European, Eastern Mediterranean, Southeast Asian, and Western Pacific regions. The seroprevalence was estimated to be nearly 15% in the Americas and was highest in Africa, at over 30% (1) . Another global seroprevalence study estimated HSV-2 seroprevalence in women age 40 to 44; these estimates were 10 to 20% in the East Asian, Pacific, Middle Eastern, North African, and Western European regions, 22 .3% in Australia and New Zealand, 29.5% in North America, 39% in South America, and 69% in sub-Saharan Africa (4). In sub-Saharan Africa, HSV-2 is rapidly acquired among HSV-2-seronegative female sex workers, with incidence rates up to 23 per 100-person years (5, 6) .
In the United States, seroprevalence has declined in 14-to 49-year-olds in recent years, from a high of 21.2% in 1988 to 1994 to 15.5% in the most recent 2007 to 2010 National Health and Nutrition Examination Survey (NHANES), a population-based estimate of U.S. adults (7) . HSV-2 seroprevalence was also found to have declined by 4.8% per year among pregnant women in Seattle for the period 1989 to 2010 (8) . The declining seroprevalence has been seen mostly in white persons, with stable rates in black populations, resulting in worsening racial disparities such that for every one white man, four black men are infected, with similar ratios for women (7) . Disparities have also been noted in black young men who have sex with men (MSM) (9) and pregnant women (8) . In addition, high seroprevalence, up to 50% of persons tested, has been noted in urban populations screened in the emergency department (10) .
Clinical Manifestations of Genital HSV Infection
HSV-2 is the leading cause of genital ulcer disease (GUD) in the United States and throughout the world. Multiple studies conducted in the United States, Africa, and Asia using sensitive PCR assays have shown that HSV is found in 60% of genital ulcers (11) (12) (13) (14) (15) . During primary infection, patients may experience multiple, severe bilateral genital ulcers, in addition to local genital symptoms, including dysuria, cervicitis, and inguinal lymphadenopathy (16) . In one study, one-third of cases of proctitis were caused by HSV in MSM, with higher incidence in persons with HIV infection (17) . Systemic manifestations such as fever, myalgias, headaches, and symptoms of aseptic meningitis may also accompany primary genital HSV. In the absence of antiviral therapy, lesions from first-episode genital herpes resolve within 3 weeks. During the initial infection, HSV establishes infection in the sacral ganglion, where it is protected from clearance by the host immune response. The sacral ganglion acts as a reservoir for future recurrences and subclinical genital shedding.
Periodic recurrences of GUD are a hallmark of genital HSV infection, with a median of 5 recurrences in the first year after primary infection with genital HSV-2 and a median of 1 recurrence after genital HSV-1 (18) . After the first year of infection, the recurrence rate for HSV-2 decreases by a median of 2 recurrences per year. However, recurrence rates may be highly variable, with some persons having no outbreaks and others having Ն9 outbreaks per year (19) . Importantly, most people also shed HSV-2 asymptomatically: the frequency of asymptomatic shedding is markedly higher than the symptomatic occurrences described above. Thus, true reactivation and potential exposure of sexual partners to HSV-2 are much more frequent than exposure to clinically apparent genital lesions. Recurrences may be accompanied by a prodrome due to the virus traveling down the nerve, with symptoms including tingling, burning, and itching. Recurrences are less severe than first-episode genital herpes and often are unilateral, are without systemic symptoms, and resolve within 3 to 5 days without antiviral therapy (16) . Although GUD is the classic clinical manifestation of genital herpes, patients may have atypical or misdiagnosed symptoms such as itching or fissures, and the infection may be confused with dermatitis or Candida infections. HSV recurrences may occur anywhere in the area of sacral innervation, including the rectum, buttocks, and thigh (20) . Recurrences occur at these locations at a frequency similar to that for genital lesions (20) .
Genital HSV-1 Infection in High-Income Countries
Genital HSV-1 is now the leading cause of first-episode genital herpes in high-income countries, particularly in women and MSM less than 25 years of age (21) . While HSV-1 is acquired nearly universally during childhood in low-and middle-income countries, in high-income countries HSV-1 seroprevalence is declining, particularly in adolescents. For instance, in the United States, the seroprevalence of HSV-1 has dropped 29% among 14- to 19-year-olds, from 42.6% to 30.1%, over the past 30 years (22) . As a result of the declining seroprevalence, adolescents and young adults may experience their first exposure to HSV-1 with initiation of sexual activity. Risk factors for genital HSV-1 infection include both oral and vaginal sex (23) . Genital HSV-1 recurrences are less frequent than genital HSV-2 recurrences, with a recurrence rate of 1.3/year in the first year after infection and 0.7/year in the second year of infection (24, 25) .
DIAGNOSTICS
Viral Diagnostic Assays
For patients presenting with GUD, swabs should be obtained from the genital ulcer for HSV culture or PCR, both of which can be programmed to be type specific. If vesicles or pustules are present, they should be unroofed and the base of the ulcer swabbed to obtain adequate cells for viral detection. Viral culture is widely available and relatively inexpensive; however, sensitivity of viral culture can be 4-fold lower than that of HSV PCR, particularly when low quantities of virus are present (26) . Multiple HSV PCR assays are available, several of which detect genes such as that for glycoprotein B (27) . Commercially available, FDA-approved PCR assays have been developed for detection of HSV, and it is hoped that these assays will be less expensive and more widely available for patient care (28, 29) . Direct fluorescence antigen staining is not recommended due to low sensitivity.
Serology
The ability to define the epidemiology and natural history of genital HSV infection has been made possible by the availability of type-specific IgG antibody assays, which allow for differentiation between HSV-1 and HSV-2 infections. These assays were first developed in the early 1970s and have been refined over time (30) . Type-specific immunoblots which detect antibodies to glycoprotein G are still used in the NHANES survey (31) , and the University of Washington (UW) Western blot, which detects antibodies to multiple HSV-1 and HSV-2 proteins, is a gold standard assay against which commercial type-specific serologic assays are compared (32) . Testing for IgM antibodies is not recommended due to low sensitivity and specificity (33) .
Several commercially available type-specific serologic assays that detect IgG antibody to glycoprotein G2 are now available. While these tests perform well against the UW Western blot with high sensitivity and specificity (34) , in clinical practice they are limited by false positives, particularly in persons testing positive for HSV-2 and HSV-1 infection and in low-prevalence populations where the positive predictive value is low. For the HerpeSelect test, false-positive results occur most frequently at low index values (1.1 to 3.5), particularly when cross-reactive HSV-1 antibodies are present (35) . Specificity at low index values may be improved by following a highly sensitive test, such as the HerpeSelect assay, with a highly specific test, such as the Biokit assay (36) . This testing strategy has 99.1% sensitivity and specificity compared to the UW Western blot (36) . For HerpeSelect results with low index values (1.1 to 3.5), the CDC now recommends testing with the Biokit or UW Western blot to confirm results (33) . Newer point-of-care tests such as the UniGold HSV-2 rapid test have also performed with high sensitivity and specificity in American adults (38) .
The Kalon HSV-2 type-specific enzyme-linked immunosorbent assay (ELISA), used in the United Kingdom and Europe (not FDA approved in the United States), has lower sensitivity during first-episode infection but higher specificity than HerpeSelect (39) . In low-and high-risk Asian women (40, 41) and African populations (42) (43) (44) , the Kalon HSV-2 ELISA had greater concordance with UW Western blot results and higher specificity than the HerpeSelect and Biokit assays. Raising the index value cutoff for HerpeSelect improves specificity in international settings as well (43) (44) (45) (46) . In a systematic review and meta-analysis of HSV testing in sub-Saharan Africa, the specificity of HerpeSelect was found to be significantly lower in persons with HIV infection (44) .
Other serologic assays, such as the Euroline Western blot, are also limited by low specificity, particularly in African populations (47) . Serologic screening may be helpful both in patients presenting with first-episode genital herpes to determine whether they have recently acquired the virus and in patients presenting without current symptoms of genital herpes, especially given that 80% of persons infected with genital HSV-2 are not aware that they have the infection (3). Due in part to these issues with the specificity of commercially available screening assays, as well as concerns about psychosocial harm and perceived lack of interventions, the U.S. Preventive Services Task Force and the American College of Obstetrics and Gynecology do not recommend routine screening of the general population or pregnant women for genital herpes (48, 49) . The 2015 CDC guidelines suggest that testing may be considered in those persons presenting for sexually transmitted infection (STI) screening and/or in those who have high-risk sexual behavior (33), as well as persons with HIV infection and MSM at increased risk for HIV acquisition. Type-specific serologic testing is recommended for recurrent genital symptoms or atypical symptoms without virologic confirmation and for those with a clinical diagnosis of genital herpes who have not had laboratory confirmation, as well as those whose partner has genital herpes (33) .
TREATMENT OF GENITAL HERPES
Despite the explosion of new therapeutics for other viral pathogens such as HIV and hepatitis C virus, FDA-approved drugs for treatment of genital herpes have been unchanged for nearly 2 decades. Acyclovir is a guanosine analogue that is monophosphorylated by the HSV-encoded thymidine kinase, with the second and third phosphate groups added by cellular kinases (50, 51) . The triphosphorylated nucleotide selectively inhibits the viral DNA polymerase and is incorporated in the growing viral DNA chain, causing chain termination. The drug becomes active only in virusinfected cells, which contributes to its excellent safety profile. Acyclovir is available in both oral and intravenous (i.v.) formulations. Valacyclovir is the valine ester prodrug of acyclovir, which has higher oral bioavailability and requires less frequent dosing (reviewed in reference 52). Famciclovir is a prodrug of penciclovir and similarly is highly bioavailable (reviewed in reference 53).
There are two strategies for treatment of genital herpes infections: episodic treatment or suppressive therapy. Episodic treatment is used only when patients are symptomatic with a genital herpes recurrence and is given for 2 to 10 days, depending on the drug regimen and whether it is being used for a first episode or a recurrent episode of genital herpes (33) . There are a number of different dosing regimens recommended for episodic treatment (33) . Episodic therapy decreases the length of recurrences and decreases symptoms. For treatment of episodic disease, acyclovir, valacyclovir, and famciclovir are all preferred agents with similar efficacy (33) . Suppressive regimens are taken daily, and they decrease the risk of recurrences by ϳ50% and improve quality of life for persons with recurrent genital herpes (54, 55) . As discussed below, suppressive therapy also reduces genital shedding and reduces the risk of genital herpes transmission among discordant heterosexual couples (56) . There are some data that valacyclovir offers better suppression of genital recurrences and subclinical shedding than famciclovir (57) .
Two helicase-primase inhibitors, ASP2151 and pritelivir, have entered clinical trials. Testing of these drugs is significant, because they have a novel mechanism of action, different than that of the nucleotide analogues. ASP2151 was tested for episodic therapy in a dose-ranging phase II trial, and several doses tested trended toward a 1-day decrease in time to healing (58) . The second agent, pritelivir, was tested for suppression of genital herpesvirus shedding in dose-ranging phase II trials (59) . The best-performing dose, 75 mg daily, showed a 87% reduction in genital herpesvirus shedding and also reduced genital lesions by a similar magnitude (59) . Pritelivir has an extended half-life (Ͼ5 days), providing prolonged concentrations, which is a potential advantage for interrupting viral shedding. This promising agent is, however, currently on an FDA hold due to recently reported toxicity in animal models.
Acyclovir-resistant herpes is very rare in immunocompetent populations but can cause severe infections in immunocompromised hosts. The options for treatment of acyclovir-resistant herpes are limited to the nephrotoxic agent foscarnet (60), continuous-infusion acyclovir (61), or less-validated topical therapies such as 5% imiquimod cream (62) or i.v. or topical cidofovir (63, 64) .
In studies of HIV prevention, tenofovir vaginal gel and oral tenofovir-emtricitabine and tenofovir unexpectedly decreased the risk of HSV-2 acquisition by 30 to 50% in African heterosexual populations, although similar protection was not seen in trials conducted with North American MSM (65) (66) (67) . This finding led to interest in studying tenofovir for reduction in genital lesions and shedding in HSV-2-infected persons. However, in a 3-arm randomized trial, tenofovir gel did not decrease the risk of HSV-2 shedding or lesions in HSV-2-infected persons, and oral tenofovir had only a modest effect on HSV shedding and lesions in the per-protocol analysis (68) . Genital HSV shedding is not decreased in persons infected with HIV/HSV-2 who are receiving tenofovir compared to those not receiving tenofovir (69) . Therefore, the effect of tenofovir on HSV-2 appears to be isolated to prevention of acquisition through an undefined mechanism, and it does not appear to be virologically active at studied doses against HSV-2 in those already infected.
GENITAL HSV SHEDDING
Historically, HSV has been conceptualized to be in either the "latent" or "lytic" state. Most of the time was thought to be spent in the latent state, characterized by a restricted gene expression/protein expression profile, in the sacral ganglion. Reactivation to lytic replication, when HSV would travel down sensory nerves to genital mucosal or epithelial cells and replicate, resulting in genital ulcer disease, was thought to be a rare event. However, recent studies have shown that the virus reactivates much more frequently than previously understood and is often detected, or "shed" from skin and mucosal surfaces, in the absence of symptoms (70, 72, 74) . These data suggest that viral reactivation occurs more often than previously thought. Importantly, transmission to sexual partners and neonates can often occur during these periods of subclinical shedding.
Lesional and Subclinical Shedding
The initial studies of genital HSV shedding used viral culture to detect HSV-2 from genital ulcers. In the absence of antiviral therapy, HSV can be cultured from genital lesions for a mean of 11 to 12 days during primary genital herpes and ϳ4 days during genital herpes recurrences (16) . The first study that characterized the frequency of and symptoms associated with genital HSV shedding was performed by Wald and colleagues, in which women collected daily viral cultures from the cervix, vulva, and rectum for a median of 105 days and kept a diary detailing daily symptoms (70) . This landmark study revealed that shedding occurred in the absence of symptoms on 2% of the days in women with HSV-2 and accounted for 32% of days with shedding and that it occurred more frequently in the 7 days prior to or following a symptomatic episode. In addition, the duration of shedding occurrences was shorter during asymptomatic than during lesional episodes, and shedding rate was associated with infection severity and number of recurrences. Importantly, this study also established that daily cultures collected at home by participants were highly reliable, with 97.4% concordance between participant-and clinician-collected samples, which paved the way for future participant-collected genital sampling studies. The development of a real-time PCR assay for HSV brought 4-fold-greater sensitivity for detection of HSV on mucosal surfaces compared to culture, particularly at low copy numbers of HSV DNA, and this is the method currently used to detect genital shedding (26, 73) .
Symptomatic versus Asymptomatic Infection
Over 80% of HSV-2-seropositive persons in the United States are not aware that they are infected with HSV-2 (3). A cohort of participants with asymptomatic HSV-2 infection were enrolled in a genital swabbing study to characterize subclinical genital shedding patterns in this population. Fifty-three participants who were HSV-2 seropositive but did not have a history of symptomatic genital HSV-2 infection collected daily genital swabs for HSV culture and had HSV isolated on 3.8% of days (74) . These data have been refined with use of HSV PCR, which showed that among 498 persons with HSV-2 infection, 410 persons who were symptomatic had a mean shedding rate of 20% of days, and persons with asymptomatic infection had a mean shedding rate of 10% of days. Although the subclinical shedding rate was higher in persons with symptomatic disease (13.1% of days, versus 8.8% of days in those with asymptomatic infection), the quantities of virus shed during subclinical shedding episodes were similar (75) .
Genital HSV-1 shedding is much less frequent than that for HSV-2, occurring on a mean of 0.5% of days, although this was studied in a small number of women using the less sensitive viral culturing detection method (70) . Longitudinal shedding data measured with PCR are lacking for genital HSV-1.
Risk Factors for Genital HSV-2 Shedding
Through the intensive study of large cohorts of HSV-2-seropositive persons, risk factors for both overall shedding and subclinical shedding have emerged (75) ( Table 1 ). Significant risk factors in a multivariate model include a history of symptomatic infection (2-fold-increased risk) and having Ն8 recurrences (1.6-fold-in-creased risk of shedding compared to having 1 to 7 recurrences) per year. In addition, Caucasians had higher shedding rates than other races (75) . These same risk factors were associated with subclinical genital shedding (75) . Importantly, several factors were not associated with genital shedding rate, including sex, sexual orientation, HSV-1 serostatus, or time of menstrual cycle (75, 76) .
Importance of Shedding: Transmission
These data demonstrate that HSV-2-seropositive persons both with and without a history of symptomatic genital infection reactivate the virus frequently, which places them at risk for transmitting it to sexual partners. Prospective studies of genital HSV-2 transmission among discordant couples demonstrate the importance of subclinical shedding in transmission events. In one study of 144 discordant couples, transmission occurred in 14 couples; in 9 couples, the source partner was asymptomatic at the time of transmission, and the remaining source partners had prodrome or lesions first noted near the time of sexual activity (77) . In another prospective study of HSV-2-seronegative persons who were enrolled in a prophylactic gD2/gB2 subunit HSV-2 vaccine trial, 155 persons acquired HSV-2, and of these, only 57 (37%) were symptomatic (78) . The prophylactic vaccine was not effective at preventing HSV-2 disease and therefore did not appear to impact symptomatic acquisition of infection (79) . These data demonstrate that HSV-2 is both transmitted and acquired without symptoms in most persons.
Subclinical genital HSV shedding at the time of labor and delivery may also lead to transmission to the neonate, resulting in neonatal herpes. In a large cohort of 40,023 women who had genital HSV cultures collected at the time of labor and delivery, 202 had positive cultures (80) . Of these, only 56 (28%) had lesions at the time of delivery; the remainder were shedding subclinically. Of the 10 cases of neonatal herpes seen in this cohort, all were acquired from women who had subclinical shedding. In another study of 15,923 asymptomatic pregnant women, 57 (0.4%) had HSV shedding by genital culture (81).
It is not known whether there is a threshold quantity of HSV DNA present in genital secretions which is associated with transmission. Anecdotal transmission from mother to infant has been reported with HSV culture-negative, PCR-positive genital and cervical secretions, although these collections are often hours from the infant's exposure at delivery (82) . Monitoring of genital swabs for HSV DNA at the time of birth in asymptomatic women is not recommended. Mathematical models of transmission suggest that there may be a virologic threshold for sexual transmission, with infrequent transmission predicted at Ͻ4 log 10 copies/ml HSV DNA from genital swabs and with most transmissions occurring with Ն6 log 10 copies of virus (83) .
Persistence of Genital HSV Shedding
Genital HSV shedding occurs at the highest rate in the first year after HSV-2 infection and then declines. In one study of 377 persons who had daily self-collected genital swabbing sessions for a median of 64 days, the shedding rate declined significantly between the first year and subsequent years of infection, from 26% to 13% (84) . However, even in persons who had been HSV-2 infected for 2 decades, the median shedding rate remained relatively stable, with shedding detected on 11% of days (84) .
Kinetics of Genital HSV Shedding
Detailed mathematical modeling has also provided new insight into the kinetics of genital HSV shedding. To obtain shedding rates at the levels seen in natural history studies, mathematical models predict that small quantities of HSV are released from neurons into the genital tract daily, supporting the hypothesis that the neurons act as a reservoir and that the viral infection is dynamic, with frequent reactivation (85) . Mathematical modeling also suggested that shedding episodes may be shorter than predicted by once-daily swabbing and that some shedding episodes may be overlapping, reflecting multiple short bursts of reactivation in different anatomic locations (86) . This hypothesis led to a swabbing study that used a more intensive sampling frequency, with participants collecting oral and genital swabs four times daily (ϳevery 6 h while awake) (72) . The results revealed that the median shedding episode duration was 13 h, and 60% of shedding episodes were less than 24 h long (72) (Fig. 2) . In addition, intensive sampling revealed 3-fold more reactivations of HSV-2 (median, 18 reactivations) per year than with once-daily sampling (median, 6/year). Shedding was not associated with a particular time of day. Modeling studies using data generated from these shedding studies suggest that virus is released from the ganglion in a near-constant stream of small quantities of virus (85) . Based on these data, we hypothesize that a robust immune local tissue response must be present and primed to contain these short bursts of genital shedding. These hypotheses are also supported by models showing that an increased quantity of immune cells in the mucosa is associated with decreased shedding duration and severity (88) . How much HSV is shed is also an important component of transmission and shedding dynamics. The quantity of virus shed is positively associated with the length of a shedding episode (72) .
Suppression of Genital HSV Shedding
Antiviral therapy, including acyclovir, valacyclovir, and famciclovir, decreases clinical and subclinical genital shedding by 70 to 80% (57, 89, 90) , the quantity of virus shed, and the risk of transmission to sexual partners by nearly 50% (91) . However, even high-dose antiviral therapy does not eliminate viral shedding, with short episodes of breakthrough shedding occurring despite doses of valacyclovir of 1 g three times daily (92) . This suggests that novel interventions that can more potently suppress genital HSV shedding may be more effective for prevention of sexual transmission. The improved understanding of the frequency of genital HSV shedding has led to its use as a sensitive indicator of disease severity and efficacy for clinical trials, particularly for phase I/II studies of novel antiviral agents and therapeutic vaccines (59, 93) .
Anatomic Patterns of Genital HSV Shedding
Genital HSV shedding may occur throughout the area innervated by the sacral ganglia. A detailed analysis of anatomic patterns of shedding revealed that shedding may be detected at single small anatomic sites with low quantities of virus or may be detected throughout the genital tract in widespread flashes of shedding, particularly in the setting of genital lesions or with high quantities of virus shed (Fig. 3) (94, 95) . These findings suggest that HSV infection involves the entire sacral ganglion and is not limited to only sites where lesions may occur. In addition, these findings provide additional understanding of the limited efficacy of condoms in prevention of genital HSV acquisition (96) . Spatially based mathematical models have supported the precise localization of genital HSV shedding (97).
Summary of Genital HSV Shedding
Taken together, the intensive characterizations of the timing and localization of both symptomatic and subclinical genital HSV shedding have demonstrated that viral reactivation is frequent and widely distributed throughout the genital tract and that subclinical shedding can lead to viral transmission. These studies have refined our longstanding view of the virus as "latent" with infrequent rounds of reactivation to that of a much more dynamic virus for which reactivation occurs frequently and "skirmishes" between the virus and host likely occur daily. Recent data have shown that the host can contain reactivation at the site of viral release in the genital skin (98) .
GENITAL HSV-2 INFECTION AND HIV INFECTION
From a public health standpoint, the most important consequence of genital HSV-2 infection is the marked contribution to the spread of HIV infection. Genital HSV infection has long been identified as a risk factor in HIV acquisition (99) . Meta-analyses of risk factors for HIV infection have estimated that prevalent HSV-2 infection increases the risk of HIV acquisition 2-to 3-fold (100, 101). Incident HSV-2 infection is associated with a 5-to 7-foldincreased risk of HIV acquisition, with some studies estimating 16-fold-increased risk in men (102) (103) (104) . The biological basis of increased susceptibility is due to both increased ulceration and increased inflammation present in the skin and mucosa of persons who are HSV-2 infected. Increased numbers of activated CD4 ϩ T cells are seen in cervical secretions from HSV-2-seropositive women (105, 106) , and increased inflammation is seen in foreskins of HSV-2-seropositive men, compared to those who are HSV-2 seronegative (107, 108) . Importantly, this is seen in the absence of genital lesions, suggesting that HSV-2 infection, likely through the immune response to subclinical shedding, fundamentally alters the inflammatory infiltrate to the genital skin and mucosa. In addition, the immune response to genital lesions is associated with infiltration of CD4 ϩ T cells bearing the HIV coreceptors CCR5 and CXCR4 to the epithelium; these cells are more susceptible to HIV infection ex vivo than control skin biopsy specimens (109) . Furthermore, these cells persist in the epithelium for weeks after a lesion, even in the presence of antiviral therapy (109) . The impact of genital HSV-1 infection on the risk of HIV acquisition is not known (110) .
HSV-2 Infection in HIV-Infected Individuals
In HIV-infected individuals, the presence of GUD is associated with an increased risk of HIV transmission (111) . HIV is shed from HSV-2 ulcers in HIV-infected persons (112) and is more frequently shed from the genital tract, at higher quantities, during GUD and in women with more frequent HSV-2 shedding (113), which likely contributes to increased risk of transmission. While some studies have shown that HSV-2 infection is associated with increased plasma HIV RNA levels and that HIV RNA increases during HSV-2 recurrences (114), others have shown no association between HSV-2 shedding (115) or seropositivity (116) and HIV plasma levels and CD4 ϩ T cell trajectories. The clinical manifestations of HSV-2 in HIV-infected individuals may be similar to those in HIV-seronegative persons. However, HIV-infected persons are also at increased risk of prolonged genital ulcerations (117) , acyclovir resistance (118) , and atypical presentations, such as hypertrophic lesions (119) . The risk of these complications increases with declining CD4 count. HSV-2-seropositive persons with CD4 counts of Ͻ250 cells/ml have an increased risk of GUD and HSV-2 shedding in the first 6 months after starting antiretroviral therapy (ART), but the risk returns to baseline after this period (120) . Suppressive anti-HSV therapy reduces the risk of both HSV-2 shedding and GUD after initiation of ART (120) . Other studies have shown that there is decreased risk of GUD associated with ART, but the overall HSV shedding rate is not significantly different between persons on and off ART (121) .
Studies Designed To Disrupt HSV/HIV Interactions
Several randomized controlled clinical trials with HSV-2-seropositive persons have been performed to disrupt the synergy between HIV and HSV-2 through the use of suppressive anti-HSV therapy, such as acyclovir. Suppressive acyclovir has been shown to decrease HIV load and disease progression in HIV-infected persons not on antiretroviral therapy (122) (123) (124) . High-dose valacyclovir decreases plasma HIV RNA levels by 0.2 to 0.6 log 10 copies/ml more than standard-dose acyclovir in HIV-infected persons not on antiretroviral therapy (125, 126) . As acyclovir has been found to have activity against HIV (127) (128) (129) , it is not clear whether this decrease is mediated by a direct antiviral effect on HIV replication or by an indirect effect through HSV suppression leading to decreased inflammation or leading to decreased HSV-mediated HIV replication (130) . However, given the increasing availability of antiretroviral therapy and the demonstrated efficacy in preventing disease progression even among persons with CD4 counts of Ͼ500 cells/mm 3 (131) and in preventing HIV transmission (132), ART is strongly preferred over HSV suppression.
The Partners in Prevention study was designed to study whether suppressive acyclovir could prevent HIV transmission among HIV-discordant couples. In this trial, the HIV-1-seropositive/HSV-2-seropositive partner was randomized to suppressive acyclovir or placebo. Suppressive acyclovir was not effective in preventing HIV transmission (133) . Well-executed studies conducted with HSV-2-seropositive, HIV-1-seronegative persons did not demonstrate a benefit of suppressive acyclovir over placebo for reduction of HIV acquisition (134, 135) . These data suggest that more potent therapies or HSV-2 prevention strategies, such as a vaccine, will be needed to disrupt the HSV/HIV interaction. The mechanism of this failure of suppressive acyclovir involves the persistence of the inflammatory response to HSV-2 despite current antivirals. Short reactivations of HSV-2 still occur on suppressive HSV-2 therapy, even at much higher doses than used in the clinical practice (92) . These reactivations are associated with a persistent inflammatory response of both CD4 ϩ T cells and associated dendritic cells, which increases the likelihood of HIV-1 acquisition (109).
HSV-2 VACCINES
Due to the widespread prevalence of HSV-2, the lack of highly effective prevention strategies, and the influence of HSV-2 infection on the HIV epidemic, HSV-2 vaccines are a global health priority (137) . A comprehensive review of HSV-2 vaccines has been recently performed and is beyond the scope of this article (138) . Briefly, prophylactic vaccines have been extensively tested, primarily with glycoprotein subunit vaccines (79, 139) . While these have been effective in animal models and have induced neutralizing antibodies, they have failed to show efficacy for HSV-2 prevention in phase III clinical trials. The most recent prophylactic vaccine study, "Herpevac," enrolled over 8,000 HSV-1/HSV-2-seronegative women with a primary endpoint of HSV genital disease (140) . The vaccine did not prevent HSV-2 disease or acquisition but did show moderate efficacy in prevention of both HSV-1 infection and disease (141) . Protection against HSV-1 acquisition was associated with increasing titers of antibody to gD2, which is the first correlate of protection identified for HSV infection (140) . As this vaccine did not prevent HSV-2, it is unlikely to be further pursued. There is currently a phase I study of a live, replication-deficient vaccine, HSV529, which will be tested in HSV-2-naive populations, and there are many other promising prophylactic candidates in preclinical studies.
There is also active research into developing a therapeutic HSV vaccine. These vaccines would be given to persons with HSV-2 infection to reduce HSV-2 genital recurrences, shedding, and potentially transmission. Thus far, two candidates have met their endpoints in recent phase II studies. GEN-003, a subunit vaccine containing gD2 and ICP4 with a novel matrix M adjuvant to stim-ulate T cell immunity, reduced shedding by 55% (142) in a phase IIB trial. The HerpV vaccine, a polypeptide vaccine comprised of 32 HSV antigens complexed with human heat shock protein 70 and adjuvanted with QS-21, reduced shedding by 15% (143) . A DNA vaccine, consisting of gD2 and UL46 and adjuvanted with Vaxfectin, failed to meet its endpoint of reduction in shedding in a phase I/II trial (144) . Several other vaccine candidates with diverse platforms are entering phase I/II trials.
MOLECULAR EPIDEMIOLOGY OF HSV-2
One of the emerging concepts in HSV virology is the recognition of widespread genomic heterogeneity, heterogeneity that may play a role in both response to therapy and potential immune protection. To date, few full-length HSV-2 genomes have been sequenced (145, 146, 153, 154) . However, with the decreasing cost and increasing efficiency of next-generation sequencing, this number is expected to increase exponentially in the near future. Although a much larger number of HSV-1 genomes have been sequenced from clinical isolates, none of these have originated from genital sites (147, 148) . Recent data suggesting that HSV-2 may have evolved from a cross-species transmission event from chimpanzees rather than from HSV-1 have already challenged our assumptions about the evolution of these ancient infections (149) .
Limited sequencing of glycoprotein genes from 47 clinical isolates from Tanzania and Scandinavia has suggested greater genetic variability in Tanzania. This is based on finding two divergent genogroups, one which has been identified only in Tanzania and another which is found in both locations (150) . In addition, that report suggested frequent homologous recombination events. The best evidence for geographic variability comes from Dudek et al. (151) , who demonstrated that dl529, a live attenuated vaccine candidate, required a 5-fold-higher dose for 50% protection against SD90, a strain from South Africa that had undergone minimal passages in the laboratory, than for laboratory strain G in a mouse challenge model (151) . They also showed that a vaccine based on a U.S.-derived strain protected significantly better against U.S. strains and that a vaccine based on SD90 protected better against African strains than against U.S. strains, suggesting that there are important differences in epitopes between some genogroups that mediate protection (151) . SD90 has subsequently undergone full-length genomic sequencing and has more than 100 nucleotide differences compared to HG52 (an attenuated laboratory strain), although overall conservation was greater than 99% in the unique long and unique short regions of the genome (146) . Another variant has been identified in 4 HIV-infected patients from West Africa, characterized by a 27-nucleotide substitution in the UL30 gene (DNA polymerase) and increased sequence diversity of US4 (glycoprotein G) (152) . The recent nearly full-length sequencing of 6 strains from the United States and 34 low-passage-number and laboratory strains from around the world has greatly improved our understanding of basic virology of HSV-2, demonstrating the highly conserved nature of HSV-2, with an overall genetic distance of only 0.4% (153, 154) . The role of recombination between strains requires additional research, as Kolb et al. described frequent recombination (154) but Newman et al. described a low level of recombination (153) . Surprisingly, geographic clustering of strains was not observed (153) .
Large-scale strain typing of HSV-2 has not been developed. Restriction fragment length polymorphisms (RFLP) combined with heteroduplex mobility assays (155) and polymorphic short tandem repeats or microsatellites (156) have been studied to differentiate between different strains for epidemiologic purposes, but these are not widely available. The frequency at which HSV-2 superinfection occurs has been an area of previous study, particularly given the potential implications for whether development of a prophylactic vaccine for HSV-2 will be feasible. Superinfection has been demonstrated in several small studies with limited sample sizes (157) (158) (159) (160) , with a prevalence of up to 25% in HIVnegative persons (157) and up to 100% in HIV-infected persons (160) . These data were generated using RFLP (157) or PCR of regions with variable repeats, and novel efforts to use genomically based technologies to define the frequency of and risk factors for superinfection are being explored.
CONCLUSIONS
Genital HSV remains a highly prevalent infectious agent with a significant impact on sexual health and risk of HIV infection. We now understand that HSV-2 infection is not characterized by latency with occasional outbreaks but that it is a dynamic infection with frequent, often subclinical, shedding throughout the genital tract that results in inflammation. Detailed natural history studies that rely on highly motivated participants have contributed to this enhanced understanding of viral shedding and inflammation. We must translate this knowledge into interventions that fully suppress shedding, which will likely be required to prevent transmission and to disrupt HIV/HSV-2 interactions. Novel strategies to prevent or suppress HSV-2 infection such as prophylactic or therapeutic vaccines are urgently needed.
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